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RESEARCH MEMORANDUM

TURBINE DESIGN CONSIDERATIONS FOR TURBINE-PROFPELLER ENGINE
OFPERATING OVER A RANGE OF FLIGHT CONDITIONS

By Elmer H. Davison

SUMMARY

The operation of a turbine-propeller engine over a range of flight
conditions can impose a wide range of operating conditions on the tur-
bine component. If efficient turbine operation is to be attained over
this range of flight condliions, 1t is imperative that in the turbine
design the entire renge of required turbine operating conditions should
be considered.

In the investigation reported herein, the compressor performance for
one compressor typical of those employed in current turbine-propeller
engines was used to determine the bturbine design requirements for a
turbine-propellier engine to be operated up to altitudes of 40,000 feet
end flight velocities up to 600 miles per hour. The two modes of engine
operation considered were (1) constant exhaust-nozzle ares and (2) vari-
gble exhaust-nozzle area.

It was concluded that either mode of engine operation would result
in efficient engine operation and that satisfactory turbine designs were
cbtaindble for elther mode of engine operation. Constant-exhaust-nozzle-
area operatlion resulted in more severe turbine design requirements than
varlable-exhaust-nozzle-area operation. However, depending upon the
flight conditions considered, the variastions in exhaust-nozzle area
required for efficient engine operation may be quite large.

INTRODUCTION

Operation of a turbine-propeller engine over a range of flight con-
ditions can impose & wide range of operating conditions on the turbine
component. The purpose of the investigation reported herein is to deter-
mine the turbine-exit annular aresa and pressure-ratic requirements for
efficient engine operation with either constant engine geometry (constant
exhaust-nozzle area) or variable engine geometry (varisble exhasust-nozzle
area). The compromises required between turbine requirements snd engine
performance dictated by practical fturbine and engine considerations are
congidered in the investigation.
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Under normal f£light and engine operating conditions, the range of
turbine operation encountered by a conventional turbine can usually be
defined by the maximum range of pressure ratic over which the turbine
must operate, because the variations in turblne equivalent rotative speed
are usually small. In the anslysils, therefore, only those flight con-
ditions that impose the maximum variation in turblne pressure ratic need
be considered.

Increasing altitude and flight speed result in an increase in the
over-all expansilion ratilo (turbine—inlet total pressure to ambient air
pressure) for conventional turbine-propeller engines. Any portion,
within limits, of the over-all expansion ratio may be imposed across the
turbline. For a given over-all expansion ratio, the minimum pressure
ratio across the turbine occurs for zeroc propellier thrust while the mexl-
mum pressure ratio occurs for zero jet thrust—(maximum propeller thrust).
The optimum split of pressure ratio between the turbine and the exhaust
nozzle for a turblne-propeller englne at any operating conditlion (con-
stant flight speed, altitude, rotatlive speed, and turbine-inlet tempera-
ture) is determined when a minimum specific fuel consumption or maximum
thrust is obtained.

The meximum useful pressure ratlio across a turbine occurs at the
limiting-loeding condition described in reference 1. In reference 2
it—1s shown that the condition of limiting loadlng determined the mlni-
mum permissible turbine-exit annuler area required. The maximum pres-
aure ratlio at which the turbine is to be operated can therefore be used
to determine the size of the required turbine-exit annular area. Selec-
tion of a turbine-exit annular srea on this basis and s mode of engine
operetion then permit a determination of—the range of pressure ratio
over which the turbine must operate or the varlations in exhaust-nozzle
area required for efficient engine operstion.

Typlcal turbine-propeller-engine characteristics for one engine were
analytically investigated at the NACA Lewis lsboratory to determine the
turbine design requirements for such an engline under several flight con-~
ditions. The compressor performance date used In the analysls are typical
for the type of compressor currently used in turbine-propeller engines.

At design-point operation the pressure ratioc is 7.32, the equivalent
weight flow per unit Ffrontal aresa 1s 26.9 pounds per square foot, and the
compressor ls operating near peak efficiency at 83 percent.

In the analysis, f£light veloclties varied from O to 600 miles per
hour at—sea level and from 400 to 600 miles per hour at an altitude of
40,000 feet. Engine operating conditions of design rotative speed and
turbine-inlet temperature (2060o R) were also specified. Two modes of
engine operation were considered: (1) constant exhaust-nozzle area and
(2) varisble exhsust-nozzle area or constent turbine total-pressure
ratlo.
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The turbine design requirements investigated were turbine-exit annu-
lar area and turbine total-pressure ratio. In addition, the exhaust-
nozzle-area requirements and the variations in engine efficiency with
exhaust-nozzle ares are presented.

SYMBOLS

The following symbols are used in this report:

Ag annular aréa, sg £t

Aa compressor frontal area, sq ft
F Jet thrust, 1b

n polytropic exponent

P power, hp

P pressure, Ib/sq £t

T temperature, °r

v velocity, £t/sec

W weight flow, Ib/sec

e ratio of pressure to 2116 pounds per square foot
] efficiency

] ratio of temperature to 518.4° R

o gas density, Ib/cu £t

Subscripts:

c compressor
g gear box
n net

P propeller

s sea-~-level static
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t turbine

X axlal component of velocity
1 ambient air

2 compressor inlet

3 compressor exit

4 turbine inlet

5 turbine exit

6 exhaust-nozzle exit
Superscripts:

' total, or stagnation, state

* shaft horsepower plus equlvalent shaft horsepower of net Jet thrust - -

ANALYSIS
Asslgned Conditions

As stated in the INTRODUCTION, only those flight conditions that
Impose the meximum varilation in turbine pressure ratio need be consid-
ered, becsuse under normal flight snd engine operating conditions the
variations in turbine equivalent rotative speed are usually small.

The meximum over-all expansion ratio and, for conventional turbine-
propeller engines, the maximum turbine pressure ratio will occur when the
following conditions are concurrently achieved by the engine: highest
flight speed, turbine-inliet tempereture, rotative speed, and lowest
ambient air temperature. The minimum over-all expansion ratio (and tur-
bine pressure ratia) will occur at the take-off condition for engines
having conventionel compressor performaence because there is no ram pres-
sure ratio. A turbine should, therefore, be designed to operate satis-
factorily at the following two conditions: (1) take-off and (2) maximum
altitude, flight velocity, turbine-inlet temperature, and rotative speed.
The turbine design requirements were therefore determined for the follow-
ing conditions:

Altitude, £t : - 0 40,000

Percent design rotative speed 100 _ 100
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Turbine-inlet total temperature, °R 2080 2080

Flight velocity, mph 0 600

Additional £light velocities at the two altitudes were also considered.

Assumed Conditions

The following conditlions were assumed for the anslysis:

Ram efficiency, percent. .« . « « ¢ « 4« ¢ ¢ o« ¢ 4« o o o o« 4 4 . 100
Propeller efficiency, Tp» percent. .« ¢« .+ . . 0 4 0 4 e e e e . 80
Gear-box efficlency, g percent . . . . . 0 0 0 0 e e e e e 95
Burner total-pressure ratio, pi/py - - - . - - e e e e 0.95
Turbine internal efficiency, percent . . . . . . « ¢ « . « « o . 85
Tail-cone total-pressure ratio, pé/bé. e e s e e e e e e e e 0.95
Ratio of specifiic heats in compressor. . . . ¢« « « + « ¢ « « « 1.40
Ratio of specific heats in turbine . . . . . . . .« . « o o o . . 1.33
Gas comstant, £t-1b/(L)(°R) . . . . - . . .. ..o o ... 53.4

The turbine equivalent weight flow wéﬁ/Gi/ﬁi was assumed to be constant;

this implies that the turbine stator is choked for s&ll conditions ana-
lyzed. The alr flow through the compressor was assumed equal to the gas
flow through the turbine. The Jet velocity was calculated from the ratio
of exhaust-nozzle total pressure to ambient air pressure pé/bl, a nozzle

efficlency of 100 percent, and temperature Tj.

Cycle Analysis

Compressor performance. - With the use of the over-all compressor
characteristics shown in Tigure 1, a cycle analysis was made of equilib-
rium engine operation.

The continuity requirements between the turbine and compressor may
be expressed in the same mamner (eq. (1)) as in reference 2. In terms of
the nomenclature used herein, equation (1) of reference 2 becomes
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w2 V92 \/_ ,\/? (M P4) (1)

where, as in reference 2, it is assumed that Wy A/G‘/B' and pé/'p3 are

constant. Assuming w4\/94/84 is constant implies that the turbine

stator is choked for all the operating conditions considered. Thus
constant-temperature-ratio lines of turbine-inlet to compressor-inlet
tempersature Ti/Té are straight and would pass through the origin. The

slopes of these temperature-ratio lines are dependent upon the selection
of a turbine-inlet temperature at some compressor operating condition.

The compressor performance map of figure 1 with lines of constant
tempersature ratio superimposed upon it is shown in figure 2. The
temperature-ratio lines shown In figure 2 were-constructed for an
assigned turbine-inlet temperature of 2060° R at sea-level static and
compressor design-point operation. It—is thus possible to determine Ffrom
figure 2 the compressor operating point for an essigned combination of the
following: +turbine-inlet total temperature, rotative speed, flight speed,
and altitude. The four points (A, B, C, and D) on this mep represent the
compressor operating condltion for the assigned altitude—and flight condi-
tions at—constant turbine-inlet temperature (2060 R) and rotative speed
(100 percent of rated rotative speed).

BExhaust-nozzle area. - For any flight condition in which the pressure
ratlo across the exhsust nozzle was equal to, or greater than, that
required for choking, the choking exhaust-nozzle area was used. When the
pressure ratlo was not great enough to choke the exhaust nozzle, ambient
alr pressure was assumed at the exit of the exhasust nozzle in order to
calculate the exhaust-nozzle area.

Engine power. - In order to determine the variations in net engine
power output at a given flight condition for varyling amounts of the over-
all expansion ratlo taken across the turbine, the net Jet thrust was con-
verted into an equivalent shaft horsepower by using ‘the assumed propeller
efficiency of 80 percent. That 1s,

FnVl
5501]P

Because the Jet thrust cannot be converted into an equivelent shaft horse-
power in the gbove mentloned manner at the static sea-level condition, a
conversion factor between shaft horsepower and static thrust must be
assumed. For this analysis the converslion factor wes assumed to be 3.62,
and thus for sea-level static conditions

P* = Tlg(Pt - PE) (2)
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FE
P* = T]g(Pt - PC) + 362 (5)

Turbine Performsnce

In order for the turbine to operate satisfactorily, 1t must be capa-
ble of utilizing the maximum pressure ratioc imposed across it. The maxi-
mum useful pressure ratio across a turbilne occurs at the limiting-loading
condition and is determined by the turbine geometry. The concept of tur-
bine limiting loading is discussed in detail in reference 2, in which it
is shown that, over a wide range of rotor-exlt blade angles, the limiting
work output of a turbine is reached st a definite exit axial Mach number.
The exit axial Mach number at which the turbine reaches 1imiting loading
is a function of the trailing-edge blockage of the last rotor blade.

For purposes of thls analysis, 1limiting loading was assumed to occur at
an exit sxiasl Mach number of 0.68. It is possible to calculate the
maximum useful pressure ratio from the turbine geometry In the following

manner :

Writing the continuity egpation at the turbine exit

W = pgVy 58,5 (4)

and assuming the pressure ratlio and temperature ratio across the turbine
to be related by some polytropic exponent n (determined by the small-
stage efficiency assumed) permit equetion (4) to be written as follows:

2n

n+L 2
i _ (PsVx,s VT5/pS n+l( )ﬁl‘ (s)
AN T B

The weight-flow term WA/TL/pL will be constant because the first stator
was assumed to choke. For zero tangential component of velocity at the
P5Vx, 50/ T5
1
Ps5
because limiting loading is assumed to occur in thls analysis at a
constant exit axial Mach number of 0.68. Thils analysis may also be

assumed to apply to those conditions for which some exit whirl exists
PsVx,5V 75
because the specific mass-flow term ——75%——-—— is Insensitive to exit
5

tangential components of veloclty near zero. The value of the constant

turbine exit, the specific mass-flow term will be constant
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PV A/TL
formed by the ratio of wA/T /p) and _5__;%2.__.5. is determined by the
5

selection of the turbine-iniet temperature and compressor operating point
that fixed the slopes of the temperature-ratioc lines in figure 2. From
equation (5), then, it is possible to determine the maximum useful total-
pressure ratio across the turbine from the exit annuler area and the
polytropic exponent n.

The value of the polytropic exponent (1.25) used in this analysis
corresponds to a tuwrbine internal efficiency of 85 percent at a total-
pressure ratio of 7. This meangs of specifying turbine efficiency is
not in agreement with the assumption of constant turbine internal effi-
clency used throughout the rest of the analysis; however, over the range
of turbine pressure ratlos covered in the analysis, the resulting error
is negligible.

RESULTS AND DISCUSSION

The results of this analysis are presented in figures 3 to 6. The
turbine design requirements can be determined from these figures once the
mode of engine operation and range of engine operating conditions have
been assigned. In table I are presented the turbine design requlirements
for constant-exhaust-nozzle-area and varisble-exhaust-nozzle-area (con-
stant turbine pressure ratio) modes of engine operation over the same
range of flight condltions.

Results of Analysis

Figure 3. ~ The effect of altitude and flight speed on the over-all
expansion ratio (turbine-inlet totel pressure to ambient air pressure)
for design rotatlve speed and design turbine-inlet temperature is pre-
sented in figure 3. It is immediately aspparent from this figure that the
turbine and exhaust nozzle must be capeble of utilizing & much greater
pressure ratio at the altitude £flight conditions than at sea-level static
conditions. .

Figure 4. - In figure 4(a) 1s presented the sea-level variation in
net engine power output with exhaust-nozzle area for lines of constant
flight speed and turbine total-pressure ratio for design engine rotative
speed and design turbine-inlet temperature. The solid lines represent
constant flight velocity and the dashed lines represent constant turbine
total-pressure ratio. Figure 4(b) is a similar plot for an altitude of
40,000 feet. This figure results from the cycle analysis and is very
useful in determining the most efficient modes of engine operation.

Figure 3. - The effect of exhaust-nozzle area on Jet velocity for
design rotative speed and.design turbine-inlet temperature at the
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sea-level statlc condition is presented in figure 5. The take-off Jet
velocity is a critical factor in the design of turbine-propeller engines,
and this figure is useful in repidly determining its magnitude.

Filgure 6. - From figure 6 the maximum useful turbine total-pressure
ratio obtainsble for & given exlt snnular area can be determined. This
figure was constructed on the assumption that the first stator blade row
chokes and that the turbine reaches limiting loading at an exit exial
Mach number of 0.68. Except for the selection of the turbine-inlet tem-
perature and the compressor operating point, which determine the first
turbine stator throat area, figure 6 is independent of turbine-inlet cor-
ditione and rotative speed. In this figure the maximm useful turbine
total-pressure ratlo obtainable is plotted against the ratio of turbine-
exit annular area to compressor fromtal area (fig. 6(a)), the ratio of
turbine-exit tip diameter to compressor tip diameter for turbines having
an exit hub-tip radius ratio of 0.6 (fig. 6(b)), and the turbine-exit
hub-tip radius ratio for turbines having a ratio of turbine-exit tip
diameter to compressor tip diameter of 1.22 (fig. 6(c)), respectively.

Turbine Design Requirements

Turbine design requirements for two modes of engine operation at two
flight condltions were selected from figures 4 to 6 and are listed in
table I. The turbine design requirements shown are the extremes over
which the turbine must be operated.

Varlable exhaust-nozzle area. - For the variable-exhaust-nozzle-ares
case, the turbine was assumed to be at limiting loading for both the sea-
level and the sltitude condition. The maximum useful total-pressure ratio
assigned was 6.0, which represents a good compromise between turbine
requlrements and engine performance over the range of flight conditions
consldered. In order to obtain a pressure ratio of 6.0 without exceeding
limiting loading, the ratio of turbine-exit annular ares to compressor
frontal area must be 0.89 or larger (see fig. 6). It is seen from the
tebular values obtained from figure 4 that in going from sea-level static
conditions (ratlo of exhaust-nozzle area to compressor frontal area of
1.40) to a flight velocity of 600 miles per hour at 40,000 feet (ratio of
exhaust-nozzle area to compressor frontal area of 0.83) requires & reduc-
tion in exhesust-nozzle area of 41 percent for efficient engine operation.
If the exhaust-nozzle area were not closed down at the altitude condition,
inefficient engine operation would result because the turbine is designed
to utilize & maximum pressure ratio of only 6.0. With the exhaust-nozzle
area the same at altitude as at sea level, there would have to be a con-
sidereble loss in total pressure In the tail cone in order to satisfy
continuity considerations. However, it is spparent from figure 4(b) that
at the altitude condition the turbine could be designed for eny maximum
useful pressure ratlo from 6 to 10 and efficient engine operetion will be
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obtained. If the turbine is designed for a pressure ratio of 6.0, 1t is
seen from figure 4(b) that efficient engine operation at altitude from
flight velocities of 400 to 800 miles per hour is possible wlthout vary-
ing the exhaust-nozzle area. At sea level, however, it is seen from fig-
ure 4(a) that; over the range of flight velocity considered, a large
variation in exhaust-nozzle area would be required for efficlent engine
operation.

Constant exbaust-nozzle area. - For the constant-exhaust-nozzle-area
case showvn in the last two columms of teble I, the turbine was assumed to
be at limiting loading at only the altitude condition. At aititude, the
turbine total-pressure ratlo assigned was 9.0, for which figure 6 shows a
required ratic of turbine-exit annular ares to compressor frontal area of
1.28. Figure 4(b) shows that a ratio of exhaust-nozzle area to compres-
sor frontal area of 1.27 1s regquired for efficient engine operation at
the altitude condition with this assigned meximum useful pressure ratio.
At the sea-level static condition, it is seen from figure 4(a) that for
an engine with this geometry the turbine will be operating with a pres-
sure ratio of 5.9, well away from the limiting-loading condition. Fig-
ure 4(a) shows that for the sea-level statlic conditions the net engine
power output of this engine geometry, while high, could be improved con-
siderebly if-a larger exhaust-nozzle area could be used. However, the
exhaust-nozzle area would have to be made unduly large in order to
achieve much increase In engine output at this condition. It might alsc
be noted from figure 4 that at sltitude the net engine power output of
the constent-exhaust-nozzle-area design is slightly higher at all f£light
velocities than for the varisble-exhaust-nozzle-asres design (more effi-
cient engine operation), but at the take-off condition it is slightly
less. The difference between the two modes of ehgine operation for
other flight velocities at sea level is negligible (fig. 4{a)) up to
400 miles per hour. At the higher flight velocities, the constamt-
exhaust-nozzle-area mode is less efficient. )

For the same hub-tip radius ratio of 0.6 at the turbine exit,
tsble I (fig. 6(b)) shows that the ratio of turbine-exit tip diameter to
compressor tip dlameter for the varlable-exhaust-nozzle-area case 1s
1.18, while for the constant-exhaust-nozzle-area case 1t increases to
1.41, a 20-percent increase in turbine tip diameter. The only other
alternative to increasing the turbine tip diameter would be to decrease
the hub-tip radius ratio at the turbine exit. From figure 6(c), it is
seen that the hub-tip radius ratio for a fixed ratio of turbine tip diam-
eter to compressor tlp diameter of 1.22 would be 0.37 for the constant-
area case and 0.63 for the varisgble-area case. A practical lower limit
or hub-tip radius ratlos for turbines is usually around 0.6 because the
blade serodynamics become & problem at the lower radius ratlos. For
these reasons the turbine tip dlameter will, 1n all probsbility, be
greater for the constant-exhaust-nozzle-area design than for the
varisble-exhaust-nozzle~-area design.

2849
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The take-off jet velocity listed in teble I (fig. 5) for either
design is quite low. This indicates that the majority of the take-off
thrust is derived from the propeller.

General discussion. - The manner in which a turbine-propeller engine
is operated has & prominent effect on the turbine design requirements.
If the engine is to have a constant exhaust~nozzle area for all flight
conditions, the turbine must be capable of operating efficlently over a
range of pressure ratio. The maximum pressure ratio across the turbine
occurs at altitude, and the exhsust-nozzle area required at take-off for
efficient engine operation determines the msgnitude of the maximum pres-
sure ratio. For instance, 1f an engine designed for s maximum pressure
ratio at altitude less than the value of 9.0 selected in the last column
of teble I is considered, efficient operation at altitude with such a
design requires the exhaust-nozzle area to be reduced from that required
for & pressure ratio of 9.0. At sea-level static conditions, however,
1t is apparent from f£igure 4(&) that this reduced area would lower the
engine efficiency since the net horsepower output of the engine for the
same turbine-inlet conditions drops rapidly with decreasing exhaust-
nozzle area.

The opersting points for the compressor under several flight condi-
tions at maximum turbine-inlet temperature (2060° R) and design rotetive
speed are shown on the compressor map in figure 2. Between take-off and
a flight velocity of 600 miles per hour at 40,000 feet, the compressor
internal efficiency drops from 83 to 78 percent. This drop in compres-
sor efficlency occurs for either mode of engine operation discussed. The
turbine efficiency was assumed constant for these two points of engilne
operation even though the turbine pressure ratio changes from 5.2 to 9.0
for constant-exhaust-nozzle-area operation. On the basis of existing
knowledge of turbine performence, high efficiency with little variation
over such a range of pressure ratio is feasible in a good turbine design.

It has been asstmed for the purpose of the analysis given herein
that the turbine will operate efficlently at limiting loading. Actual
turbine performance indicates, however, a slight deterioration in turbine
performance when limiting loading 1s approached and a marked deterloration
In performence when limiting loading is exceeded. For these reasons it
is good design practice to provide a certain margin of safety in the tur-
bine design so that limiting loading 1s never encountered under any of the
flight conditions contemplated. This may easily be done by using a
glightly larger exit annular area for the turbine than indicated by the
limiting-loading condition.

If the varisble-exhaust-nozzle-area operation is employed as in
table I, a large varlation in exhsust-nozzle area is requlred for effi-
clent engine operation at the f£light conditions considered. This mode of
engline operetion simplifies the turbine design requirements in that it



12 . ] NACA RM E53D16

reduces the maximum pressure ratio at which the turbine operates and the
range of pressure ratio (zero for the case considered) over which good
turbine efficiency is required. However, a varisble-exhaust-nozzle-aresa
mode of engine operation mekes the engine control problem more complex.

The turbilne for constant-exhaust-nozzle-area design would not—only
have a turbine tip diameter greater than the varisble-exhaust-nozzle-gares
turbine for the same hub-tip radius ratio at the turbine exit but,
because of the increased maximm pressure ratio, would require more tur-
bine stages.

An important consideration for turbine-propeller engines is that the
major part of itake-off thrust should be obtained from the propeller
because 1t is usually a more efficient thrust-producing mechanism at
take-off than the exhaust nozzle. 1In this respect there is little dif-
ference between either mode of engine operation. Both have equally low
Jet velocities and sbout the same turbine total-pressure ratioc at take-
off.

It can be-concluded, therefore, that constant=exhaust-unozzle-area
operation results 1n more severe turbine deslgn requirements than
varleble-exhaust-nozzle~area operation. However, satisfactory turbine
designs can be achieved for either mode of engine operation.

SUMMARY OF RESULTS

The problem of selecting the turbine design requirements for a range
of turbine-propeller engine operation was investigated by determining the
turbine design requirements of a particular turbine-propeller engine
operating at two altitudes and variocus flight speeds. Two modes of
engine operation were considered: (1) varisble exhaust-nozzle area snd
(2) constant exhaust-nozzle sarea.

The following results were obtained:

(1) Efficient engine operation over a range of flight conditions was
obtained with either comstant- or variable-exhaust-nozzle-srea operation.

(2) satisfactory turbine designs were obtained for either constant=
or variable-exhaust-nozzle-area operation. However, a turbine for
constent-exhaust-nozzle-area operation will, in general, be larger both
in tip diameter and number of stages than & turbine for variable-exhaust=
nozzle-area operation.

(3) By the use of a varisble exhaust-nozzle ares, the maximum pres-
sure ratio at which the turbine operates and the range of pressure ratlo
over which the turbine operates were reduced. However, in order to
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achieve g asubstantial reduction in the meximum pressure retic at which
the turbine operates and the range of pressure ratioc over which the tur-
bine operates, while maintaining efficient engine operation, may require
a large variation in the exhaust-nozzle aree.

(4) Both modes of engine operation had very good teke-off character-
istics in that the propeller delivered the majority of the take-off
thrust (low jet velocity).

CONCLUSION

The turbine design requirements for a turbine-propeller engine
should be based on & consideration of the renge of flight conditions over
which the engine is to perform. ZEither constant- or variable-exhaust-
nozzle-srea operation will result in efficient engine performance, and
satisfactory turbine deslgns are obtainaeble for either mode of engine
operation. However, constant-exhasust-nozzle-ares operstion results in
more severe turbine design requirements thsn varisble-exhaust-nozzle-area
operation.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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TABLE I. - TURBINE AND ENGINE DESIGN CONDITIONS FOR TWO MODES

OF ENGINE OPERATION AT TWO FLIGHT CONDITIONS

Variable exhaust-|Constant exhaust-
nozzle sres nozzle area

Altitude, ft : 0 40,000 0 40,000
Flight velocity, mph : 0 600 0 600
Turbine-~inlet total. temperature, COR 2060 2060 2060 20860
Turbine total-pressure ratio 6.0 6.0 5.9 9.0
Over-all expansion ratio 6.94 13.68 6.94 13.68
Ratic of exhaust-nozzle area to

turbine-exlt annular srea ) 1.57 0.93 0.99 0.99
Ratio of turbine-exit annular area

to compressor frontal area 0.89 0.89 1.28 1.28
Ratio of exhaust-nozzle ares to

compressor frontal area . 1.40 0.83 1.27 1.27
Shaft horsepower per unit compressor

frontal area (includes equivalent

shp of jet thrust), hp 2280 1330 2240 1350
Jet velocity, ft/sec _ 680 750
Ratio of turbine-exit tip diameter

to compressor tip diameter

(turbine-exit—hub-tip radius

ratio, 0.8) 1.18 i.18 1.41 1.41
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Figure 1. - Compressor performance map.
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Figure 3., - Effect of altitude and flight veloclty on over-all expansion
ratio, Turbine-inlet totel tempersture, 2060° R; design rotative speed.
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Ratio of shaft horsepower plus equivalent shaft horsepower of net thrust to compressor frontal area, hp/sq £t
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Jet velocity, ft/sec
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Figure 5. - Effect of exhaust-nozzle area on jet velocliy. Bea-level statle condition; turbine-

inlet total temperature, 2060° R; design rotative speed.
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Turbine total-pressure ratio, De/p
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(a) Ratio of turbine-exit annilar area to compressor frontal area.
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(b) Ratio of turbine-exit tip diameter to {¢) Hub-tip radiua ratio at turbine exit
compressor tip diameter for hub-tip for ratic of turbine-exit tip dismeter

radius ratio of 0.6 et turbine ex.1.t, to compressor tip diameter of 1.22.
Pigure 6. - Useful turbine total-pressure ratlo obtalnable with glven turbine-exit
gecmetry.
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